Gyroscopes are instruments capable of sensing changes in their inertial orientation. Satellites usually have gyroscopes within their Attitude and Orbit Control System as attitude (orientation) sensors that measure angular displacements. They are critical components and constantly monitored during the duration of the mission. In face of serious failures, proper corrective actions are possible, but their execution depends on the time available for the spacecraft operators to react.
In the second part of the paper, an assessment of the 18 months long operational validation campaign is discussed together with the significant results acquired so far in terms of tool reliability in generating correct early warnings of performance degradation and supporting the associated diagnostic process.
Introduction

Successor of the ERS 1&2 satellites, ENVISAT is the new component of the European Remote Sensing
(ERS) program, a long-term program of environmental remote sensing of the Earth. This initiative aims to collect highly reliable data on the entire planet to be used in scientific studies of critical environmental problems. ENVISAT is the largest spacecraft ever built by Europe, designed to fulfil an Earth observation and imaging mission. It is orbiting on a sun-synchronous orbit, at 800 km altitude and carries a suite of 10 instruments comprising both optical and radar imaging payloads [1] . Gyroscope units mounted in ENVISAT are essentially mechanical devices subject to drift and ageing.
Any performance degradation as well as minor/major equipment failures of the Inertial Measurement Unit has to be considered as potentially critical as it could severely impact the spacecraft ability to meet its objectives and even result in loss of mission. Therefore, the gyroscope assembly has a built-in redundancy (i.e. there are more sensitive axis and gyroscopes than necessary) to provide measurement output coherency automatic verification and specially to supply backup gyros in case of prime sensors anomaly. Moreover, a technical solution to assist in the monitoring of the short and long term evolution of the ENVISAT gyroscopes was required to support the Flight Control Team during operations in all mission phases.
Current Gyroscope Monitoring Techniques
Flight control engineers have learnt from experience during past missions how to recognize gyroscope progressive degradation through specific data transformation, data analysis and engineering judgment. In particular, three main fault-detection monitoring techniques are traditionally applied:
• In orbit autonomous surveillance algorithms. These are automatic checks performed by the flight software at on-board computer level.
• Out of Limits alarms issued by the Mission Control System based on spacecraft telemetry data.
Out of Limits alarms are simple crisp rules, a range or a fixed value is defined for a parameter. If the parameter goes outside the range or differs from the fix status then an Out of Limit alarm is issued to the spacecraft controller.
• On ground off-line analysis of gyroscope telemetry data, performed by the Flight Control and
Flight Dynamics Teams. This activity involves detailed studies of the power spectral density, noise and scale factors properties of the gyroscope output allowing assessment of sensor performance trends.
These techniques have their own advantages and disadvantages for the diagnostic task. They are targeted for short-term detection and avoidance of false alarms and therefore they will not trigger any intermediate alarm levels. In addition, they are defined as a set of rigid rules where each rule either is satisfied or not. A target sensor parameter can stay within limits, but the actual pattern of the gyroscope data may represent a signature of future problems [2] . In summary, traditional monitoring techniques might not be able to detect in advance long-term degradation trends.
ENVISAT Gyroscope Monitoring Tool
Implementation of a specific monitoring tool was proposed by the ENVISAT flight control engineers to improve their capability of assessing operational gyroscopes performance and to enhance early failure detection allowing reconfiguration of the affected unit without hampering the spacecraft's operational status and productivity.
The Operational Prototype of the ENVISAT Gyro Monitoring Tool, hereafter referred to as the EGM Tool, This project aimed at designing and implementing a gyroscope fault detection model based on a fuzzy expert system solution that formalizes and captures the knowledge of the ENVISAT gyroscope assembly. Deciding that a fuzzy expert system approach was applicable and adequate to this problem came from realizing that:
• No detailed mathematical model exists to describe the overall gyroscope degradation process.
• Experts perform the detection of potential anomalies that occur in the long-term based on engineering judgement. However, for ENVISAT the knowledge to diagnose them in a gyroscope was already partially formalized in a set of crisp rules defined at spacecraft Flight Operations
Manual level. Each rule had an associated alarm types and the different types corresponded to various criticality levels [2] .
The expected benefits of the fuzzy logic approach, comparing to a direct use of the crisp rules, are related to the nature of the gyroscope degradation observed usually. The traditional monitoring approach issues an alarm only when the current status crosses some pre-defined levels. However, this technique does not focus on the potential benefits brought by the early identification of gradual degradation processes.
With the fuzzy logic approach, it is possible to express statements such as "The deviation of the current status from the nominal situation is not tolerable" and obtain a measure of how true such a statement is.
The result of the fuzzy expert system allows the spacecraft operations engineer to detect earlier a potential failure, by looking at the evolution of the diagnostic, instead of waiting for the alarm to be declared.
Fuzzy Logic is therefore well suited for the implementation of a set of experience-based rules provided by the Gyro manufacturer and partly based on previous missions experience (like ERS 1&2), whereas it would be quite difficult, if not impossible, to describe the gyro degradation process by means of an overall analytical model. Furthermore, Fuzzy Logic naturally offers the benefit of generating intermediate alarm levels that can greatly enhance a traditional monitoring strategy strictly based on Out Of Limit checks.
In summary, the main expected benefits deriving from usage of a Fuzzy Logic based monitoring tool are:
• Enhance the traditional gyro monitoring techniques and allow for early detection of potential degradation patterns.
• Improve situation awareness allowing preventive measures instead of corrective ones.
• Mitigate risk of mission disruption due to sudden gyro failure.
• Automate routine gyroscopes telemetry data analysis processing tasks.
Gyro Monitoring Tool Design
The EGM Tool architecture is based on three different diagnostic models [4] :
• Gyro Diagnostic model.
• System Diagnostic model.
• Data Quality model.
The EGM Gyro Diagnostic model implements a set of rules intended to discriminate the shape of the spectrum of a healthy gyro from that of a potentially faulty sensor. This model is mostly based on the Power Spectral Density (PSD) of the gyro signal and the associated signal and noise contents. In summary, the output signal of a gyroscope should have certain properties, specifically a nominal PSD profile, specific noise levels and, in the case of ENVISAT, a well known PSD peak at the so-called hunting frequency should be observable. The hunting frequency acts like a signature of the gyroscope health status and qualitative changes to it can be related with specific mechanical failures. Gyroscope diagnostic variables are all based on the PSD of each gyroscope output, the IDVA (Integrateur Digital de Vitesse Angulaire or Angular Speed Digital Integrator), an 8Hz snapshot of the contents of a simple digital counter, updated when the gyroscope senses a rate change in the sensitive axis. Figure 1 provides an overview of the two sets of diagnostic variables implementing the Gyro Diagnostic model: hunting noise and gyro noise. In addition, the figure also summarizes the crisp rules used in the fuzzy expert system and the different alarm types. These variables and rules were provided by the IMU assembly manufacturer [2] . The EGM System Diagnostic model implements a set of rules intended to associate a potential gyro failure pattern to other macroscopic (i.e. satellite level) effects. For instance, a variation of the gyro spectrum due to an increase of the gyro wheel friction torque might be associated to an anomalous evolution of the gyro drift as estimated by the on-board Kalman filter. Basically the system model is devoted to identify any anomalous behaviour of the on-board estimator in order to possibly associate this to gyro failure patterns.
Finally
In order to fulfil all monitoring tasks described in the ENVISAT AOCS Flight Operations Manual, the nominal usage of the EGM Tool consists in the analysis of 2 orbits (i.e. 200 minutes) of gyro telemetry every week and the production of the relative diagnostic. Figure 2 provides an overview of the gyroscope telemetry analysis process:
• Selected telemetry data is pre-processed to generate a set of derived variables (i.e. signal PSD profile, noise, hunting frequency and energy, random noise, etc).
•
The computed values are transformed into fuzzy sets using specific membership functions.
• The three different diagnostic models are applied to the fuzzy data sets by means of mission specific rules.
• The analysis output is transformed into an alarm type and level.
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Raw inputs (from TM data) Note: Different time windows In particular, the EGM tool generates warnings with different degrees of criticality and severity levels instead of a simple alarm presence/absence flag. It also supplies a detailed explanation of the alarm to assist the operations engineer in the failure analysis. This system plays an advisory role while the flight control engineers remain responsible to declare the gyroscope faulty and to ensure that the correct recovery actions are implemented.
Preprocessing
De
The EGM operational usage has shown that the whole process of retrieving the telemetry data covering the default time span (2 orbits), importing them in a format suitable for processing and producing the diagnostic requires less than 1 hour. If necessary, the monitoring interval can be easily extended (i.e.
increasing the time span or running the analysis more frequently) with the benefit of a better quality of the diagnostic produced.
Operational Results
The ENVISAT Flight Control Team has been using the EGM tool during the spacecraft various mission phases including LEOP, platform commissioning and routine operations. In particular, this tool has provided the FCT with the capability of performing the following critical activities:
• Routine gyroscope health and performance verification via automatic analysis of relevant telemetry covering a default 7-day cycle.
• Backup gyroscopes health and performance verification during yearly maintenance operations.
Initial gyroscope commissioning activities, mainly devoted to verification of correct hardware status and assessment of sensor performance, were greatly assisted by the usage of the EGM tool. Quasi-real time analysis of telemetry data allowed confirming the good health state of the ENVISAT IMU assembly.
Moreover, the performance figures derived from the EGM tool output were verified to be coherent with the independent analysis results obtained by Flight Dynamics and Industry.
Sensor output signal PSD analysis has allowed detection of a slight hunting noise, as expected, on both gyros in particular on the second sensitive axis. The observed noise levels vary according to the relevant sensor. Initially the EGM tool flagged this behaviour as "missing expected hunting" correctly triggering an alarm of type warning for one of the sensors. Following adjustment of the fuzzy model reference values to match the in-flight characteristics of each gyroscope, the EGM alarm disappeared as expected allowing confirmation of the hunting noise level stability over time.
Long-term gyroscope drift monitoring has resulted in the detection of non-nominal fluctuations for both sensors flagged by the EGM tool as an alarm of minor severity level. Further analysis has shown these variations to be associated to the routine updates of the on-board orbit model performed by ground command twice a day. In fact, the relevant command parameters were computed with a non-optimal algorithm, introducing a small discontinuity in the on-board orbit model and therefore in the satellite pitch drift and attitude. Following update to the on-ground algorithm, the gyro drift fluctuations disappeared as expected and the overall satellite pointing stability was sensibly improved.
An important achievement accomplished as part of the routine monitoring activity has been the detection by the EGM tool of a slight noise increase affecting one gyroscope. Despite the fact that noise levels are still well within specification, based on the Fuzzy Logic model the EGM correctly flagged this unexpected phenomenon (see Figure 3) . Provision of this early warning allowed triggering of a specific investigation by Industry experts, which has since resulted in a number of recommendations aiming at reducing the likelihood and system effects of possible future gyroscope performance degradation. be pointed out that gyroscope measurement performance is not affected by this phenomenon.
During backup gyroscope maintenance activities, the EGM tool provides the FCT with an independent capability of assessing the hardware status in quasi real-time. In fact, besides performing a standard spectral analysis, the tool offers quick look plots of temperature evolution as well as graphical evaluation of the gyro wheel spin-up time. Results of the first maintenance operation performed in February 2003
were successfully verified against Flight Dynamics data analysis providing a direct validation of the EGM processing.
Operational usage of the EGM tool has demonstrated to be extremely time effective and user friendly. In particular:
• The output of the diagnostic is presented in a simple and synthetic way and can be easily interpreted also by a non-AOCS specialist (see Figure 5 ).
• The implementation in the tool of a dedicated database storing the telemetry data from past analysis has revealed to be very useful, allowing comparisons between data sets covering different time intervals.
• The presence of an additional data quality fuzzy model is operationally very practical in case of analysis of large amounts of telemetry, as it allows to automatically filter any data gap or bad telemetry.
• The user interfaces allows to easily update the Tool Reference Values as well as the Fuzzy Models themselves; this feature is important considering that during the mission gyroscopes inflight characteristics might vary as a result of the normal ageing process. 
Conclusions
In this paper, we described a gyroscope fault detection model based on a Fuzzy Logic system solution.
This model improves the current operational processes of monitoring the gyroscopes by early detection of performance degradation or potential failures. The fuzzy expert system approach was considered an adequate option given the availability of previous experience, the qualitative nature of the diagnostic process and the lack of historical data on gyroscope failures.
The model presented is embedded in a decision-support system, the ENVISAT Gyroscope Monitoring Tool, specifically designed for monitoring and diagnosing ENVISAT satellite IMU assembly. The Flight Control Team has been using the EGM tool during the various spacecraft mission phases taking full advantage of its capabilities.
The implemented Fuzzy Logic Model has demonstrated its operational reliability in performing correct gyroscope health and performance assessment. In particular, the EGM tool has been able to provide early identification of non-nominal situations on various occasions allowing triggering of investigations and associated recommendations. Moreover, the tool has enhanced and automated to a large extent the gyro monitoring tasks carried out by the Flight Control Team at ESOC. Finally, the EGM tool provides the spacecraft operations engineers with an independent capability of assessing the hardware status and measurement performance in quasi-real time during special operations (gyroscope destorage).
